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Abstract 
We report the results of studies of the effects of annealing conditions on the 
morphology of ferroelectric nanomesas. The nanomesa patterns were fabricated 
by self-assembly from continuous ultra-thin Langmuir–Blodgett fi lms of copo-
lymers of vinylidene fl uoride and trifl uoroethylene. Annealing in the paraelec-
tric phase induced surface reorganization into disc-shaped ferroelectric nanome-
sas approximately 9 nm thick and 100 nm in diameter. Several factors affect the 
nanomesa dimensions, such as polymer composition, substrate material, deposi-
tion conditions, and annealing temperature. The height and diameter of the na-
nomesas both increase with increasing annealing temperature. Annealing studies 
in the ferroelectric–paraelectric coexistence region show that only the paraelec-
tric phase is mobile. From this we conclude that the paraelectric phase supports 
a kind of plastic crystalline fl ow connected with dynamic disorder of the poly-
mer conformation. 
1. Introduction 
Self-assembly is an effective means of producing nanoscale structures in parallel through a 
bottom-up approach, in contrast to a top-down approach like photolithography. A common 
method of self-assembly of polymers is to alternate segments with different physical prop-
erties, so-called block copolymers [1], so that periodic patterns form spontaneously dur-
ing crystallization. This strategy is often not viable with polymers that have fi nely tuned 
physical properties that would be disturbed by block copolymerization. In these cases, 
self-assembly may be achieved through dynamical instabilities that arise in ultrathin fl uid 
fi lms [2]. One example of instability-driven self-assembly is the formation of ferroelectric 
nanomesas and nanowells [3, 4] from Langmuir–Blodgett (LB) fi lms of the copolymers of 
vinylidene fl uoride (VDF) and trifl uoroethylene (TrFE) [5], in which plastic deformation 
or plastic fl ow play an essential role [6, 7]. Ultrathin LB fi lms of P(VDF-TrFE) copoly-
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mers are initially continuous and fl at [8], but annealing in the paraelectric phase results in 
the spontaneous appearance of isolated ferroelectric nanomesas approximately 9 nm thick 
by 100 nm in diameter, with the polymer chains lying parallel to the substrate [3]. The 
uniform shape and fl at top of the nanomesas imply that their formation involves a surface 
reorganization process [4, 9, 10], a kind of crystalline plastic fl ow [6, 7], rather than liq-
uid fl ow associated with melted or glassy materials. The nanomesas have the same (110) 
crystal orientation [3] as the continuous LB fi lms [5], which means the polymer chains 
remain in plane. The round nanomesa morphologies are very different from those of la-
mellar crystals, which tend to form faceted crystals in which the chains fold up and down 
across the thinnest dimension [11–13]. Controlling the size, shape, crystallinity and orien-
tation of the nanomesas is important for practical device fabrication. In addition, under-
standing the nanomesa formation mechanism may provide useful insights into plastic fl ow 
in other polymer crystals. Here, we report the results of studies of the effect of annealing 
conditions on nanomesa dimensions. These results show that factors such as fi lm compo-
sition, annealing temperature, substrate composition, and annealing time all affect the size 
and shape of the nanoscale structures. Furthermore, the results show that the material fl ow 
occurs only in the paraelectric phase, indicating the importance of dynamic bond disorder 
in the self-assembly process. 
2. Experimental methods 
The nanomesas were fabricated by annealing ultrathin fi lms of ferroelectric copoly-
mers fabricated by Langmuir–Blodgett deposition on various substrates [3]. The fi lms 
consisted of random copolymers of P(VDF-TrFE) with VDF:TrFE molecular ratios of 
75:25, 70:30, and 50:50, and weight-averaged molecular weights Mw (and correspond-
ing all-trans lengths) of 178,200 amu (660 nm), 100,000 amu (370 nm) and 116,000 amu 
(400 nm), respectively. The continuous copolymer fi lms were deposited by the horizon-
tal (Schaefer) variation of the LB technique using a NIMA model 622C automated LB 
trough fi lled with ultra-pure (>18 MΩ cm) water. The LB fi lms were deposited on sub-
strates of electronic-grade (100) silicon wafers with a native oxide layer, or silicon wa-
fers coated with aluminum or gold fi lms by vacuum evaporation. Film preparation meth-
ods have been described in greater detail previously [5]. For the present studies, each LB 
fi lm consisted of a single layer transferred from the water surface at a pressure of 5 mN 
m–1. Previous studies of P(VDF-TrFE 70:30) LB fi lms show that one nominal mono-
layer (ML) produced in this way averages 1.8 nm thickness [14], and we expect the other 
VDF copolymer compositions to have a similar thickness. To produce the nanomesas, 
the fi lms were annealed in air for 1 h (unless otherwise noted), with heating and cooling 
rates of 1°C min–1 [3]. The nanomesa images were recorded by an atomic force micro-
scope (AFM, Digital Instruments model Dimension 3100). The x-ray diffraction (XRD) 
data were obtained with a θ–2θ x-ray diffractometer (Rigaku D/Max-B) with a fi xed Cu 
anode source (wavelength = 0.154 nm). 
3. Results 
The nanomesa morphology is highly dependent on the annealing temperature. The an-
nealing temperature studies were performed on a series of 1 ML LB fi lms of P(VDF-
TrFE 75:25) deposited on a silicon substrate. Each fi lm was annealed once and then im-
aged with the AFM. Figure 1 shows the evolution of the fi lm morphology as a function 
of annealing temperature. As the annealing temperature was increased, the fi lm morphol-
ogy changed gradually from a continuous fi lm to a broken matrix with interstitial voids, 
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and then to isolated nanomesas. The height of the annealed structures in each image was 
determined by measuring the step heights on a series of line scans across the AFM im-
age [3]. The average fi lm height was taken from the centroid of a histogram of the step 
heights, like the one shown in the inset to fi gure 2(a), which corresponds to the fi lm an-
nealed at 125 °C. Figure 2(a) shows that the average height increases from 4.1 ± 0.5 nm to 
11.5 ± 0.5 nm as the annealing temperature is increased. For the fi lms annealed at 105 °C 
Figure 1. AFM images of 1 ML LB fi lms of the 75:25 copolymer deposited on Si wa-
fers show the gradual development of the morphology as the annealing temperature is in-
creased. The images all represent fi lm areas 2 μm by 2 μm. 
Figure 2. (a) The averaged height of the surface features from the AFM images in fi gure 
1 shows an increasing trend with increased annealing temperature. Inset: the height distri-
bution of the nanomesa from the image annealed at 125 °C. (b) The averaged area of the 
nanomesas from the images in fi gure 1 at 105, 110, 125, 130, 140 °C shows a slightly in-
creasing trend with increasing temperature for annealing temperatures above 110 °C, well 
in the paraelectric phase. Inset: the area distribution of the nanomesas from the sample an-
nealed at 125 °C. 
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and higher, the nanomesas were well enough separated so their average area could be de-
termined by the image processing software supplied with the AFM, producing a nano-
mesa area histogram like the one shown in the inset to fi gure 2(b). The dependence of the 
average area on annealing temperature shows an abrupt decrease from the 105 °C anneal-
ing temperature to the 110 °C annealing temperature, which we attribute to the vanishing 
of the remaining ferroelectric phase followed by a steady increase with increasing anneal-
ing temperature. Since both the height and area of the nanomesas increased with increased 
annealing temperature, the nanomesa volume is not fi xed by initial conditions, as it would 
if each nanomesa originated from a single crystal or grain in the continuous fi lm. Con-
sider also that the disc shape belies the underlying atomic order of the crystal. Since the 
chains are oriented parallel to the substrate [3] and are much longer than the nanomesa di-
ameter, they must fold to keep within the perimeter. 
The morphology of the annealed fi lms is more complex if the annealing tempera-
ture is within the coexistence region TC1–TC2 corresponding to the gradual conversion 
from the ferroelectric to paraelectric phases, a consequence of the enthalpy difference be-
tween the two phases for a system undergoing a fi rst-order phase transition [15]. Films an-
nealed at temperatures below TC1 do not have any paraelectric component and therefore 
remain continuous. The lack of voids below TC1 also indicates that little amorphous ma-
terial is originally present in the fi lms, since the glass transition temperature is well be-
low room temperature, –40 °C for PVDF [16]. Films annealed above TC2 are completely 
paraelectric, and therefore are free to form separated equilibrium nanomesa structures, as 
in fi gures 1(e)–(h). Annealing at temperatures within the coexistence region produced in-
termediate patterns, as is evident in the AFM images in fi gures 1(a)–(e). At lower temper-
atures in the coexistence region between temperatures TC1 and TC2, where the immobile 
ferroelectric portion is still percolating, the mobile paraelectric polymer is trapped, leav-
ing only isolated voids, as is evident in fi gures 1(a) and (b). At higher temperatures in the 
coexistence region, where the ferroelectric portion is no longer percolating, the images in 
fi gures 1(c) and (d) show irregular islands that are not necessarily representative of the na-
nomesas. This may explain why annealing at 105 °C does not completely break up the 
fi lm. These observations imply that the coexistence region spans the limiting temperatures 
TC1 ≈ 90 °C and TC2 ≈ 110 °C in the 75:25 copolymer fi lms and TC1 ≈ 50 °C and TC2 ≈ 65 
°C in the 50:50 copolymer fi lms [16]. 
We can quantify the amount of mobile polymer, and therefore the amount of paraelec-
tric material during annealing, by measuring the fractional void area in each AFM image, 
which is the ratio of the area without polymer to the total image area. Figure 3 shows the 
dependence of the fractional void area on annealing temperature for two copolymer com-
positions, 75:25 and 50:50. Films held at room temperature or annealed at low tempera-
tures do not break up at all, so they have zero void area. Films annealed in the coexistence 
region show some void area, but do not develop isolated mesas. We propose that this is 
because only part of the fi lm is in the paraelectric phase and therefore only part of the fi lm 
is mobile. (The calculated void area continues to increase above TC2 because the nano-
mesa heights are increasing and this reduces the area they take up.) This gradual change, 
from no void area to partial void area, and then to nanomesas, further supports the hypoth-
esis that only the paraelectric phase fl ows [3]. A series of 20 AFM images, each 4 μm by 
4 μm square, from 75:25 copolymer samples annealed at temperatures ranging from 90 to 
140 K, was analyzed to determine the volume of polymer on the substrate. The average 
volume of 7.2 ± 0.4 × 103 nm3 corresponds to an average fi lm thickness of 1.8 ± 0.1 nm, 
which is consistent with the average layer thickness of 1.78 ± 0.07 nm determined by el-
lipsometry for continuous LB fi lms of the 70:30 copolymer [14]. 
The phase coexistence and refi nement of crystal structure by annealing are evident in 
the θ–2θ x-ray diffraction data from a 3 ML fi lm of the 70:30 copolymer deposited on sil-
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icon. The x-ray data in fi gure 4 show (110) diffraction peaks near 19° for the ferroelectric 
phase and near 18° for the paraelectric phase [17]. Figure 4 shows the diffraction data re-
corded at fi xed temperatures during an annealing cycle during heating (fi gure 4(a)) and 
cooling (fi gure 4(b)). The temperature was stabilized at each step and then diffraction data 
were recorded for 15 min. Heating gradually converts the fi lm from paraelectric to fer-
roelectric, as indicated by the appearance of a peak near 2θ = 18° at a temperature of ap-
proximately 90 °C. At 120 °C, the sample is completely paraelectric and has considerably 
improved crystallinity, which is retained upon cooling back to room temperature. The fi lm 
was continuous before annealing, and exhibited nanomesas after annealing, so there must 
have been signifi cant fl ow of the polymer while the fi lm was in the crystalline paraelec-
tric phase. It is possible that the polymer melts, fl ows into round islands, and then recrys-
tallizes in a time short compared to the 15 min needed to complete one x-ray scan. In the 
case of melting polyethylene lamellae, such melting and recrystallization has been ob-
served, but only if the fi lm temperature is raised above the bulk melting point [18, 19]. 
The melting points of these copolymers are all above 140 °C, however, and the copoly-
mer LB fi lms show no melting at lower temperatures [20]. Further, we fi nd that LB fi lms 
of PVDF, which melts directly from the ferroelectric phase without passing through a par-
aelectric phase [21], and polyethylene, which is not ferroelectric at all, do not develop 
voids or nanomesas when annealed just below their melting points. 
Additional evidence that the nanomesas represent the equilibrium endpoint of a slow 
reorganization process comes from observations of the nanomesa patterns as a function 
of annealing time. The nanomesa or nanowell patterns formed on LB fi lms of 1–4 ML are 
well formed when annealed at 125 °C or higher for 30 min or longer. Re-annealing a fi lm 
at the same temperature did not change the overall morphology if the fi rst anneal was an 
Figure 3. Plot of the void fraction, the ratio of void area to the total image area, deter-
mined from the AFM images of 1 ML LB fi lms annealed at different temperatures: (a) for 
the 75:25 copolymer fi lms; and (b) for the 50:50 copolymer fi lms. The dashed lines la-
beled TC1, TC2 and Tm represent the lower phase coexistence limit, the upper phase coexis-
tence limit, and the melting point, respectively. 
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hour or more, up to 24 h in our studies. Briefl y annealing the fi lms with thicknesses of 1 
ML and 2 ML by putting them directly into an oven preheated to 125 °C for only 10 min 
and then removing them to cool in air showed irregular isolated nanomesas for 1 ML sam-
ples and percolating nanomesas for 2 ML samples(see fi gure 5(a)), indicating that the fi lm 
reorganization time is of the order of 10 min. The percolated or elongated nanomesas ob-
tained by annealed the continuous fi lm at 125 °C were transformed to rounded nanome-
sas with increased area and height when they were re-annealed at 140 °C (see fi gure 5(b)). 
The change in nanomesa volume after a second annealing further supports the hypothesis 
that nanomesa volume is primarily a function of annealing conditions. 
The composition of the polymer also affects the nanomesa morphology. The nano-
mesas formed from the 70:30 and 75:25 copolymers had similar dimensions, while those 
formed from the 50:50 copolymer were much smaller. Since the 75:30 and 50:50 had sim-
Figure 4. The x-ray diffraction data recorded from a fresh 3 ML LB fi lm of the 70:30 co-
polymer deposited on a Si wafer, as the sample was heated, the fi lm annealed for 1 h at 
125 °C, and then cooled. 
Figure 5. AFM images of a 2 ML 75:25 copolymer LB fi lm (a) annealed for 1 h at 125 
°C and (b) re-annealed for 1 h at 140 °C. The two images were recorded from different re-
gions of the sample about 2 μm apart, but represent typical morphologies on the sample. 
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ilar molecular weights, and the 70:30 molecular weight was about 75% higher, it does not 
seem that the nanomesa dimensions are sensitive to molecular weight. There does seem to 
be a correlation with the upper critical temperature TC2, which is much smaller in the case 
of the 50:50 copolymer compared to the values for the 70:30 and 75:25 copolymers. 
The substrate material also affects the nanomesa morphology, as might be expected 
from differences in interface adhesion energies [13, 22]. This is evident in the AFM im-
ages (fi gures 6(a), (b)) of a 1 ML fi lm made on a Si wafer which had one half of its top 
surface coated with 10 nm of aluminum, and was then annealed at 125 °C. The nanome-
sas are much smaller on the aluminum-coated side, indicating that the interface energy of 
the polymer is greater there. Films deposited on a glass slide coated with gold and plati-
num fi lms also produced smaller nanomesas. The roughness of the substrate also affects 
nanomesa roughness. The rms roughness of the nanomesas was 0.3 nm on the plain sili-
con side and 0.9 nm on the aluminum side, due largely to the rougher aluminum surface. 
However, a smooth surface is not essential to form such nanomesa patterns. Figure 6(c) 
shows an AFM image of a 2 ML 75:25 copolymer fi lm deposited on a highly oriented py-
rolytic graphite (HOPG) substrate and annealed at 125 °C. The steps in the graphite sur-
face appear to affect the nanomesa morphology. 
4. Discussion 
These results show the nanomesa morphology depends on the annealing conditions, LB 
fi lm thickness, polymer composition, substrate material, and substrate morphology. The 
results also imply that the polymer fl ows and forms nanostructures in its paraelectric 
phase, but not in the ferroelectric phase, and that the fi lm remains crystalline during fl ow. 
There are two key observations supporting this hypothesis. First, the nanomesas are fl at 
with steep sides, not rounded, as one would expect for the shape of a liquid drop. Sec-
Figure 6. AFM images of the structures formed 
from 1 ML LB fi lms of the 75:25 copolymer 
deposited on three different surfaces and an-
nealed at 125 °C for 1 h. (a) Nanomesas from a 
1 ML fi lm deposited on the half of a silicon wa-
fer coated with an aluminum fi lm 10 nm thick. 
(b) Nanomesas on the same silicon wafer but 
on the half without an aluminum fi lm. (c) Mor-
phology of a 2 ML fi lm deposited on highly 
oriented pyrolytic graphite. 
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ond, the in situ x-ray diffraction data show that the LB fi lms remain crystalline at temper-
atures suffi ciently high to produce nanomesas, and that there is signifi cant material fl ow 
even in the phase coexistence region. Furthermore, the nanomesas exhibit the same es-
sential physical properties of the continuous LB fi lms [5], specifi cally, (110) crystal ori-
entation, all-trans ferroelectric crystal structure and polarization hysteresis at room tem-
perature, and a reversible ferroelectric–paraelectric phase transition [3]. Melting results 
in lamellae with very different morphologies [23]. Therefore, we conclude that the fi lms 
remain crystalline during annealing and that nanomesa formation is the result of plas-
tic crystalline fl ow. We fi rst consider how fl ow might occur in the crystalline paraelectric 
phase, then how it might transform continuous LB fi lms as thin as 1.8 nm into arrays of 
mesa-shaped structures. 
To understand the mechanism of plastic crystalline fl ow, we need to consider the dif-
ference in structure between the ferroelectric and paraelectric phases. The ferroelectric 
phase consists of linear polymer chains with all-trans conformation, in which the car-
bon atoms lie in a plane and the chains are arranged in a quasi-hexagonal close-packed 
structure [16]. The (110) d-spacing of 0.45 nm in the ferroelectric phase leaves little free 
volume in the crystal. The paraelectric phase consists of linear polymer chains with an 
alternating trans-gauche conformation, where the gauche bonds have random helicity, re-
sulting in a hexagonal packing with a (110) spacing of 0.51 nm and therefore a consid-
erable amount of free volume [24]. It has been proposed that this random trans-gauche 
structure is not static, but rapidly fl uctuating on a picosecond time scale [25, 26]. Such 
fl uctuations, along with the increased volume in the paraelectric phase, should allow plas-
tic fl ow of the polymer, where chains can shift position through local density fl uctuations, 
without having to cross each other. This would also permit fl ow both parallel and perpen-
dicular to the polymer chains, though the fl ow rates in these directions would likely be 
quite different. This plastic fl ow may also enable chain folding and unfolding, allowing 
the nanomesas to reshape themselves. 
The nanomesa morphology is distinctly different from the morphology of lamellar 
crystals, which are generally in the form of thin faceted plates, in which the chains are 
perpendicular to the substrate, folding back and forth along the shortest dimension [11]. 
The critical thickness of lamellar crystals is determined by folding statistics and is depen-
dent on temperature [27–29]. Substrate interactions [22] or other mechanical confi nement 
[12] can infl uence the lamellar morphology, in which free surface tension was hindered 
by substrate confi nement. Solvent-crystallized PVDF and its copolymers generally form 
spherulites of needle-like crystals, in which the chain folding is again along the shortest 
dimension [30]. Faceted lamellar crystals were obtained from the thicker LB fi lms after 
melting and recrystallization, in which the chains are perpendicular to canted facets, and 
are no longer parallel to the substrate [23]. The nanomesas, on the other hand, have their 
chains parallel to the substrate and upper surfaces parallel to the substrate. 
The round shape of the nanomesas, besides being quite different morphologies from 
that typically observed in lamellar crystals, belies the underlying crystal structure. Since 
the chains lie predominantly parallel to the substrate, one would expect an elongated, fac-
eted structure. To produce round structures, the surface energies must be large enough to 
induce suffi cient chain folding at the perimeter, and possibly in the interior as well [4]. 
Figure 7 shows a possible construction that resembles lamellar crystals in the sense that 
there is coherent folding, but quite different in the sense that the polymer chains are per-
pendicular to the shortest dimension. Chain folding [27, 28] is a key feature in the crys-
tallization of lamellar crystals of polyethylene, PVDF [18], polyethylene oxide [31], and 
other crystalline polymers [11], in which the chain segments are usually along the shortest 
dimension. Interactions with the substrate may serve to keep the chains in plane. A sim-
ilar effect was observed in 20 nm thick fi lms of drawn polyethylene, in which the fi lms 
showed lamellar folding and contoured perimeters, but with the chains oriented parallel to 
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the surfaces due to the extreme draw ratio and the consequent larger surface tension [12]. 
Inside the nanomesa, the chains could fold back and forth during annealing, perhaps in-
volving chain exit and reentry and/or molecule pinning; the fold positions are guided by 
the perimeter surface energy to follow a curve, as shown in fi gure 7. Future work on the 
nanomesas should include high-resolution studies of nanomesa structure. 
5. Summary 
The reorganization and self-assembly of VDF copolymer fi lms made by LB deposition de-
pends on several factors, such as annealing temperature, polymer composition, substrate 
material and roughness, and deposition conditions. The formation mechanism seems to 
involve plastic crystalline fl ow in the paraelectric phase, while the mesa shape and di-
mensions seem to be governed by surface energies. The results suggest that this type of 
plastic crystalline fl ow may be found in other crystalline polymers that have a similar dy-
namic trans-gauche phase. These fabrication methods could be used to produce a variety 
of nanostructured transducers for, for example, high-density nonvolatile random-access 
memories, acoustic transducer arrays, and infrared imaging arrays and templates. 
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